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High resolution electron microscopyThe early growth stages of chemical vapor deposition (CVD) diamond on a sol–gel TiO2 film with buried ultra
dispersed diamond seeds (UDD) have been studied. In order to investigate the diamond growth mechanism
and understand the role of the TiO2 layer in the growth process, high resolution transmission electron
microscopy (HRTEM), energy-filtered TEM and electron energy loss spectroscopy (EELS) techniques were
applied to cross sectional diamond film samples.
We find evidence for the formation of TiC crystallites inside the TiO2 layer at different diamond growth stages.
However, there is no evidence that diamond nucleation starts from these crystallites. Carbon diffusion into the
TiO2 layer and the chemical bonding state of carbon (sp
2/sp3) were both extensively investigated. We provide
evidence that carbon diffuses through the TiO2 layer and that the diamond seeds partially convert to amor-
phous carbon during growth. This carbon diffusion and diamond to amorphous carbon conversion make the
seed areas below the TiO2 layer grow and bend the TiO2 layer upwards to form the nucleation center of the
diamond film. In some of the protuberances a core of diamond seed remains, covered by amorphous carbon.
It is however unlikely that the remaining seeds are still active during the growth process.
Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.1. Introduction
The development of chemical vapor deposition (CVD) techniques
has allowed the outstanding properties of diamond films to be used
in a wide field of technological applications [1–5]. Previous studies
have demonstrated that when titanium surfaces are modified with
a TiO2 layer, the biocompatibility and the extent of bone-implant
tolerance is increased [6–8]. Combining the outstanding properties
of diamond films with the excellent biocompatibility of TiO2 layers
in biomedical applications is an attractive prospect [9,10]. Most of
these applications only require a very thin layer of nanocrystalline
diamond and, as a consequence, the nucleation of such films need
to be fully understood to guarantee thin, closed and conformal layers
on 3D structures [11–14]. To realize this type of applications, dia-
mond coatings must be produced to a high standard and with prede-
termined properties, which will only be possible if their nucleation
and growth mechanism are thoroughly understood. Due to the high
surface energy of diamond, its nucleation on non-diamond substrates
is characterized by low nucleation densities and long incubation
times. Consequently, surface pretreatment is commonly needed.32 3265 33 18.
12 Published by Elsevier B.V. All rigUsually, diamond nucleation is enhanced by treating substrates by
means of mechanical abrasion with diamond powder, or a mixture
of diamond and other hard powders (such as Ti, Al2O3 etc.) [15–17],
or by so-called bias enhanced nucleation (BEN) [18,19]. Mechanical
treatments are simple and effective, but limited to planar surfaces,
while BEN requires the substrate to be conductive. Both techniques
can cause surface damage and contamination. Direct seeding with
colloidal ultra dispersed diamond (UDD) is an effective solution to
these problems and simultaneously enhances the diamond nucle-
ation [20].
Besides mechanical abrasion, BEN or colloidal seeding, inter-
layer materials are widely used to enhance diamond nucleation
and diamond film adhesion to substrates. Among others, interlayer
materials like W, Ti, Zr and Ni/Cu/Ti multilayers [21,22] or inter-
mediate layers [23] are employed to obtain adherent diamond
coating on steel and WC–Co. Titanium is known to be a getter ma-
terial that easily forms carbides and improves carbon adhesion to
the growth interface. Carbon diffusion is also crucial for diamond
nucleation and growth. The interface material plays an important
role in the diffusion process of carbon. Previous studies have indi-
cated that high quality diamond films can be grown on UDD seeds
buried under a sol–gel TiO2 layer [4]. However, mapping of the
amorphous carbon distribution on diamond was not performed
in these investigations.hts reserved.
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Fig. 1. Elemental maps from model-based EELS data fitting, a: untreated sample;
b: 10 min H2+CH4 treated sample.
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on diamond film growth and gain insight into the carbon diffusion
process, we investigated the early growth stages of a nanocrystalline
diamond film prepared by CVD on top of sol–gel TiO2 layers with
underlying UDD seeds on a silicon substrate. The growth stages,
carbon diffusion, presence of diamond and amorphous carbon, the
stability of the diamond seeds and Ti diffusion phenomena are stud-
ied by analytical TEM techniques.
2. Experimental
Si substrates were cleaned with sulfuric acid/hydrogen peroxide
and ammonia/hydrogen peroxide mixtures (SPM and APM, respec-
tively), followed by an immersion for a few seconds into an aqueous
colloid with nanodiamond particles of ≈10 nm in size [20]. The det-
onation nanodiamond powder was obtained from the NanoCarbon
Institute Co., Ltd., Japan. After dispersion in water using an ultrasonic
horn, no further surface treatments of the particles was done. Subse-
quently sol–gel nominal TiO2 was deposited on these seeded sub-
strates by spin-coating (3000 min−1, 30 s). The precursor used was
an aqueous citratoperoxo-Ti solution (pH=7, 0.09 mol L−1) synthe-
sized as reported previously [24]. Thermal treatment was carried
out on hot plates (260 °C/2 min and 450 °C/2 min). Films consisted
of two layers to obtain a total thickness of approximately 10 nm.
The microwave plasma enhanced (MWPE) CVD growth was carried
out in an ASTeX 6500 deposition system [25]. Typical growth condi-
tions used were as follows: H2 and CH4 gas flows were 485 sccm
and 15 sccm, respectively. The plasma was sustained by 3500 W mi-
crowave power at a process pressure of 25 Torr, while the substrate
temperature was 630 °C.
In order to investigate the different stages of early diamond film
nucleation, the CVD reaction was interrupted at different growth
times of 5, 10 and 20 min. A pure hydrogen plasma exposure series,
using similar experimental conditions but without CH4 was also per-
formed in order to investigate the possible role of H2 and its radicals
on the sol–gel layer.
Cross-sectional TEM samples were prepared by focused ion beam
(FIB) etching from bulk samples. In order to protect the diamond par-
ticles, a gold or chromium protection layer was deposited on top of
the diamond layer prior to FIB preparation. High angle annular dark
field (HAADF) images and EELS spectra were acquired using an aber-
ration corrected FEI Titan 80–300 “cube” microscope operated in
scanning transmission electron microscopy (STEM) mode equipped
with a GIF Quantum spectrometer. The convergence semi-angle
used was 18.5 mrad, and the acceptance angle was ~200 mrad. The
microscope was operated at 120 kV in order to reduce knock-on dam-
age by the electron beam. High resolution images and energy filtered
TEM (EFTEM) images were recorded using JEOL-3000F operating at
300 kV equipped with GIF 2000 electron energy loss spectrometer
[26]. The STEM-EELS spectra were quantified by multiple least
squares fitting to reference spectra of the C K-edge for diamond,
amorphous carbon and TiC [27].
3. Results and discussions
3.1. Nucleation and growth process
As stated above, samples were grown with CVD growth times of 5,
10 and 20 min in order to investigate the different stages of early
diamond film nucleation. Fig. 1 depicts the distribution of chemical
elements during the different stages of growth (oxygen map not
shown). Fig. 1. (a) shows the sample after sol–gel deposition of the
TiO2 buffer layer (no plasma treatment) and Fig. 1 (b) shows a similar
sample after 10 min of growth in a mixed H2/CH4 plasma.
The untreated sample in Fig. 1 (a) shows (from top to bottom) the
amorphous carbon layer, the sol–gel TiO2 buffer layer and someunderlying, agglomerated diamond seeds surrounded by amorphous
carbon [28]. The most probable source of the continuous amorphous
carbon layer on top of the TiO2 layer are the organics remaining
after the heat treatment performed on the as-deposited sol–gel pre-
cursor layer. Whether there is an influence of the amorphous carbon
layer and organic residuals on the diamond nucleation process
remains unclear. Fig. 2 depicts the sample after 5 min of CVD growth.
The EFTEM image in Fig. 2 clearly shows that carbon clusters are
formed on the surface of the TiO2 layer. Spatially resolved scanning
transmission electron microscopy (STEM)-EELS data (not shown)
demonstrate these clusters indeed consist of amorphous carbon. A
carbon elemental map and distribution profiles over the TiO2 layer
are also shown in Fig. 2 for this early stage of growth. Diffusion pro-
files (a) and (b) correspond to regions (a) and (b) indicated in the
carbon map, with the diffusion direction from surface to bottom of
the TiO2 layer. The carbon signal decreases dramatically underneath
the carbon clusters with increasing depth in the TiO2 layer, but
there is still a significant amount of carbon inside the titanium
oxide layer. The mechanism for formation of the carbon clusters is
probably related to diffusion of carbon species into the TiO2 layer dur-
ing the plasma treatment process. Carbon diffusion and saturation
processes are generally believed the most crucial stages for diamond
nucleation [29,30]. Some authors claim that the enhancement of dia-
mond nucleation densities is due to the formation of carbonaceous
overlayer “stocks” on top of the substrate surface under their experi-
mental conditions [31]. In our study, we see diamond growth occur-
ring (at later stages) only at positions on the TiO2 layer which had
diamond seeds underneath, as seen in Fig. 1 (b). From this point of
view, it is unlikely that these carbon clusters act as nucleation centers
for further diamond growth.
In the early stages of CVD growth, the volume of carbon under-
neath the TiO2 layer increases and protuberances are formed. The
increased volume arises from the conversion of UDD particles to
amorphous carbon, and probably some diffusion of carbon through
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Fig. 2. EFTEM images showing carbon distribution of the 5 min H2/CH4 treated sample. (a) and (b) are diffusion profiles across regions a and b.
95Y.-G. Lu et al. / Diamond & Related Materials 23 (2012) 93–99the TiO2 layer. This effect leads to an increase in volume of the protu-
berances with increasing plasma exposure time. Simple volumetric
calculations demonstrate that the increase in protuberance volume
can largely be explained by the UDD diamond to amorphous carbon
conversion.
After 10 min growth, Fig. 1 (b), bean shaped diamond particles
appear on top of the titania layer surrounded by amorphous carbon
clusters It should be noted that after 10 min of CVD growth, amor-
phous carbon is continuously distributed on and to some extent
even inside the TiO2 layer. The carbon clusters located beneath the
TiO2 layer likely originate from a diamond seed. Comparing with
Fig. 1 (a), the nominal TiO2 layer is less smooth than in the untreated
sample, which indicates that the surface roughness of the TiO2 layer
changes with increasing treatment time. This is a beneficial condition
for diamond nucleation. It should be noted that no TiC signal is
detected between the freshly grown diamond and the TiO2 layer,
which indicates that the existence of carbide is not essential for the
diamond nucleation. After 20 min, a further increase in size of the
diamond particles grown on top of the layer is observed (Fig. 3).The bright-field TEM image in Fig. 3a shows an 80 nm diamond
grain grown on top of a diamond seed area. The carbon map in
Fig. 3b clearly shows that some carbon is still present under the
titania layer, in the form of nanometer-sized seeds.
Based upon these results and further evidence from the literature
[32], we present a model that explains the influence of the sol–gel
TiO2 layer on the diamond growth process; it is shown schematically
in Fig. 4. Several stages in the growth process can be distinguished:
(a) During the initial stage of deposition, the buried diamond
seeds are protected by the TiO2 layer from H2 plasma etching,
but still, they transform into amorphous carbon, bulge out
and lift the TiO2 layer.
(b) Incubation stage: Hydrocarbon species arrive on the TiO2 layer
surface and are adsorbed. Adsorbed carbon species leave
carbon clusters on the surface but carbon also diffuses from
the top into the TiO2 layer. UDD seeds are further converted
to amorphous carbon which also diffuses into the TiO2 layer.
The incubation stage continues until the TiO2 layer is saturated
50 nm 50 nm
50 nm50 nm O Ti
(d)(c)
(b)(a)
C
Fig. 3. 20 min growth sample; (a) bright-field TEM image; (b) carbon EFTEM map; (c) titanium map; (d) color map.
96 Y.-G. Lu et al. / Diamond & Related Materials 23 (2012) 93–99with carbon. It is reasonable to assume that thicker TiO2 layers
take longer to saturate with carbon, and will therefore display
a longer incubation time.
(c) Nucleation stage: Nucleation sites are generated at the protu-
berances on the TiO2 layer. As carbon diffuses from both top
and bottom at these sites, carbon saturation can occur faster(a)
Si substrateSi substrate
(c)
a-C
TiC
diamond
UDD
Si substrate
TiO2
TiO2
Fig. 4. Schematic showing the proposed diamond growth process on top of the TiO2/UDD bu
From stage a to d, the ‘bump’ increases and the diamond seeds decrease in size.in these areas. At the same time, the bulged TiO2 surface pro-
vides more roughness and enhances the field effect which
can also stimulate diamond nucleation.
(d) Growth stages: After forming the nucleation center, the dia-
mond particles continue to grow until they touch and form a
continuous film.(b)
Si substrate
a-C
TiO2
TiO2
TiC (d)
Si substrate
ffer layer: (a) initial stage; (b) incubation stage; (c) nucleation stage; (d) growth stage.
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There are many reports that advocate that the formation of a
carbide layer is a crucial step in diamond growth [e.g. 23,33]. In
order to gain insight into the possible role of TiC, HRTEM and EELS an-
alyses were performed on the diamond film samples. HRTEM images
of the 10 min sample (Fig. 5a,b) confirm the formation of nano-TiC
crystallites embedded in the amorphous TiO2 layer. This is particular-
ly evident from the associated Fourier transforms (insets in Fig. 5a,b)
where the typical diamond reflections can be identified. The amor-
phous region between the nano-crystallites and the substrate is prob-
ably related to partial degradation of diamond seeds due to the FIB
sample preparation.
EELS data from the 20 min sample are presented in Fig. 6. The
figure shows a seed region below a diamond grain that was
scanned using EELS, acquiring only the carbon K-edge signal. The
fine structure of the carbon K-edge is known to be a reference for
its bonding state [26]. Three spectra representative of diamond,
amorphous carbon and TiC are also plotted in Fig. 6. Using these
references, all spectra in the scan were fitted using model-based
techniques, and a diamond, amorphous carbon and TiC map were
generated. As can be seen from the maps, the diamond grain was
never in direct contact with the underlying diamond seed, as the
titania layer is still largely intact, even after 20 min of CVD growth.
A TiC interlayer is clearly located between the freshly grown dia-
mond grain and the underlying seeds. In addition, the diamond
seeds are covered by a-C, meaning they are no longer active in
the diamond growth process. This also implies that homoepitaxial
growth of the diamond grain on the diamond seed does not
occur, contrary to other reported results [34]. Whether heteroepi-
taxial growth of diamond on the TiC layer/particles arises, still
needs further investigation.5 nm Si substrate 
(a)
TiC
TiC
5 nm Si substrate
[110]
(b)
[111]
-220
02-2
002
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Fig. 5. (a) and (b); HRTEM images of the 10 min H2/CH4 treated sample. Inset Fourier
transforms from square regions evidence that the crystallites are cubic TiC.Combining the results from the 10 min and 20 min growth
samples demonstrates that the formation of TiC may be an important
contributing factor to diamond growth. However the results also
demonstrate that the TiC formation itself is not a sufficient and nec-
essary requirement for diamond nucleation in these samples. Prad-
han et al. reported no formation of TiC under a CH4–Ar plasma on
Ti interlayer growth conditions [35]. This means that TiC formation
could be strongly related to the experimental conditions. Neverthe-
less, this does not exclude that TiC can serve as a nucleation center.
Probably, the formation of TiC plays an intermediate or secondary
role in diamond nucleation and an intermediate nucleation step
exists between the carbide formation and the actual diamond nucle-
ation [33].
3.3. The stability of diamond seeds and titanium diffusion
The stability of nanodiamond seeds under plasma conditions
has been studied by several groups [36–38]. Chemical interactions
with reactive species and thermally activated mechanisms are
all taking place simultaneously during CVD exposure. Due to the
TiO2 protection layer, the stability of the diamond seeds should
be different in comparison to direct exposure to plasma. A study
of the stability of diamond seeds during the early stages of growth
is very important for a better understanding of the diamond nucle-
ation mechanism.
In Fig. 7 two different diamond seed areas of a sample treated
for 5 min with only H2 (no CH4) are displayed, together with the
diamond, amorphous carbon and Ti EELS mapping results (inset to
a, b). At position (a) the diamond seeds have completely converted
to amorphous carbon due to the H2 treatment. At position (b) on
the other hand, a diamond seed remains, albeit covered by an amor-
phous carbon layer. Molecular dynamics simulations reported the
etch coefficients are higher for the hydrogenated diamond (111)1*1
surface than for the hydrogenated diamond (100) 2*1 surface [39].
Even though the {111} planes are known to be predominant in nano-
diamond particles, the presence of {100}-type surface truncation has
also been reported [40]. The presence of a large amount of (100) trun-
cation could explain why some diamond seeds may survive as others
degrade to amorphous carbon under the same treatment condition.
Another explanation for the instability of the diamond seeds is that
Ti acts as a catalyst to convert the diamond seeds to amorphous
carbon in the presence of atomic hydrogen [41]. From this point of
view, it is clear that the diamond seeds are not active as nucleation
centers, but their conversion to amorphous carbon leads to bulging
of the TiO2 film which strongly correlates to the place where diamond
grains nucleate. This situation is therefore clearly different from the
situation of uncovered diamond seeds [20] or seeds placed on top of
a metal interlayer [17,21].
It has been demonstrated that titanium incorporated into dia-
mond films improves the properties of diamond with respect to
biocompatibility and mechanical properties [42]. However, the inter-
face diffusion and reaction between the TiO2 layer and the diamond
film during the growth process are not fully understood to date.
Fig. 8 illustrates the Ti distribution and diffusion around the grown
diamond particles. The Ti has clearly diffused out of the TiO2 layer;
such diffusion profile may contain the clue as to how the diamond
nucleation starts. The titanium distribution image in Fig. 8 (a)
shows that the Ti has mainly diffused around the diamond nucleus.
At this stage, some Ti incorporated into the diamond can not be
excluded. Remarkably, no TiC signal is detected in this region.
4. Conclusions
Using a sol–gel TiO2 layer with buried ultra dispersed diamond
seeds on silicon substrates, diamond films were grown that are prom-
ising for biological applications. The early stages of this growth were
diamond a-C TiC
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Energy loss (Ve)
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Fig. 6. Carbon K-edge fine structure EELS spectra and maps from model-based EELS data fitting of a diamond seed region under a diamond grain in the 20 min treated sample;
diamond map, (b) amorphous carbon map, (c) TiC map and (d) color map.
98 Y.-G. Lu et al. / Diamond & Related Materials 23 (2012) 93–99studied in detail using advanced TEM techniques. The major conclu-
sions are the following:
(1) EELS and EFTEM results after different growth times clearly
demonstrate a carbon diffusion into the TiO2 layer.
(2) Occasionally TiC is formed under CVD diamond growth condi-
tions. However, there is no indication that TiC formation is a
necessary condition for diamond growth.(3) The UDD diamond seeds are not stable under CVD condi-
tions and quickly transform into amorphous carbon. Com-
paring samples with and without CH4 in the plasma
seems to indicate that this amorphization is driven by
the presence of H2 and is possibly catalyzed by Ti. This in-
creases the carbon volume and causes bulging of the TiO2
layer. Diamond nucleation occurs exactly on top of these
protuberances.
20 nm
diamond a-C Ti
20 nm
a-C Ti
(a)
(b)
Fig. 7. (a) and (b); HAADF-STEM images of samples treated only with H2 for 5 min, con-
taining several UDD seeds areas. Inset; EELS model fitting results showing UDD seed
elemental compositions (inset a, b). In region (a) the seeds are completely converted
to amorphous carbon, in (b) the diamond seed is covered by amorphous carbon.
(a)
(b)
diamond Ti
20 nm
20 nm
Fig. 8. (a) Ti map generated from spatially resolved EELS data. Some Ti has clearly
diffused out of the TiO2 buffer layer. (b) Color map showing the diffused Ti surrounds
the diamond growth.
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